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Abstract
In three radial models (typical of the Trelinga-1, Overston-1 and Moonie-39 wells) with boundaries placed at 
different distances, injection rates of 2 million tonnes per annum (Mt/a) cannot be sustained. In larger sector models,
(with parameters typical of these three wells) injection of 2Mt/a is sustained in the Precipice Sandstone (Surat Basin),
but reduces to 1.2Mt/a in the Showgrounds Sandstone (Bowen Basin). Plume footprints and overpressures range 10-
15km and 35-75bar, respectively. Baffles cause maximum overpressure and CO2 accumulation to occur underneath 
the seal at different times. Critical techno-economic areas of uncertainty for storage performance are revealed and 
thus inform exploration data acquisition strategy.
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1. Introduction
The work presented here is extracted from a more in-depth case history of the ZeroGen Project [1] and
elaborated on to discuss reservoir modeling approaches adopted. This is part of a desk-top, prefeasibility 
assessment of industrial scale capture, transport and storage of injected CO2 in the Bowen and/or Surat
basins of Queensland. It envisioned a CO2 stream of 2-3 million tonnes per annum (Mt/a) for 30 years
resulting in secure storage of 60-90Mt indefinitely in a deep subsurface formation. The goal of the study 
was to establish sufficient confidence to justify investment in data acquisition (exploration) in five CO2
geological storage exploration tenements. Indicators and measures of confidence are discussed more fully
in [1], however the key area for investigation was expectations of the sustainability of required injection
rates within affordable costs (well count). This study addresses confidence building in these dimensions.
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Two modeling approaches evaluate storage performance (injectivity and capacity): (1) probabilistic 
Monte Carlo models that inform likelihoods and rank parameters of interest according to uncertainty and 
(2) dynamic models that explore specified scenarios. The second is the focus of this paper. 
The potential reservoir/seal pairs of the Precipice Sandstone/Evergreen Formation and of the 
Showgrounds Sandstone/Snake Creek Member (Moolayember Formation) in the Surat and Bowen basins, 
respectively, form two independent play concepts. In the Southern Bowen Basin, the Showgrounds 
Sandstone is a hydrocarbon reservoir sealed by the Snake Creek Mudstone. In the overlying Surat Basin, 
the Precipice Sandstone contains hydrocarbons in the west and east flanks. The Evergreen Formation is a 
proven seal for these fields (Figs. 1a and 1b). The areas of interest are defined within gazetted CO2 
exploration tenements where the base of the potential seal is at depths greater than 800m. 
 
  
Fig. 1. (a) Modeling domains. Depth to top of the Evergreen Formation (depths < 800m in red) is shown. Sector models (pink 
squares) are displayed with model m): Trelinga-1 (North), Moonie-39 
(South), and Overston-1. Showgrounds-Surat subcrop  (blue) and Precipice outcrop (purple), Petroleum Licenses are dark grey 
rectangles; (b) stratigraphic column of the Surat and Bowen basins in Queensland. (Modified after [1]). 
Data are concentrated in oil and gas bearing regions. The geological model, encompasses areas with 
greater data density making it possible to populate the areas of interest through an interpolation process 
guided by the statistics of the existing data and geological inference. The regional model (250km x 
125km) covers all gazetted tenements. 
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Well logs, drill stem tests, petrophysical analysis of cores, two-dimensional seismic data (SEG-Y, 
scanned images, horizons) are integrated with Petrel* E&P software platform. Stochastic modeling is 
used to produce a regional static model. It enables first insights of the subsurface geometry of seal and 
reservoir and clearly reveals data gaps geographically and in the depth domain. Presently, faults are not 
modeled. The resulting sparsely controlled model is illustrative rather than predictive and reflects existing 
data and knowledge. The model would be continuously updated with new data over the life of the project. 
2. Dynamic Modeling Approach, Tools and Assumptions 
Injection into the Showgrounds Sandstone and Precipice Sandstone are simulated. Two types of 
dynamic models are created: radial and sector models (Fig. 2). Radial models explore the impact of 
unknown flow barriers (e.g. faults, pinch-outs) that compartmentalize the reservoir. By varying the radius 
of the container, influence of compartment size on storage performance can be investigated. Sector 
models are based on key regions extracted from the regional geological model. Three dynamic sector 
models were built representing different depositional and depth scenarios. Only the model in Sector-2 is 
described in detail here. Results of all three areas are discussed. 
Dynamic simulations were performed using ECLIPSE* reservoir simulation software with CO2 
specific enhancements [2]. Capillary pressure is set to zero. There are no relative permeability data for 
Bowen and Surat Basin sediments, so that published data for the Viking Sandstone cores in Canada [3] 
are employed as a proxy. Maximum CO2 saturation is 58%, (irreducible water saturation of 42%) and 
residual saturation is 30%. These endpoint values for the Precipice Sandstone and Showgrounds 
Sandstone will need to be determined with future appraisal work. Hydraulic gradient and CO2 solubility 
are a function of salinity (8000ppm). A surface temperature of 32°C and average geothermal gradient of 
31°C/km are used to calculate the reservoir temperature. Water is initially the only fluid in the reservoir. 
Chemical reactivity is neglected. The dynamic models explore the injection of pure CO2 at sustained rates 
of 2Mt/a and 3Mt/a during a period of 30 years under a bottom-hole pressure (BHP) constraint of 90% of 
fracturing pressure. The outputs of the simulations are pressure, CO2 saturation and the phase-partition 
(CO2 present as free-phase, dissolved in formation water or residually trapped) as a function of time at 
each cell of the model. Times of interest are when injection stops at 30 years and 200 years later for 
insights into the longer term. 
2.1. Radial Models 
The radial models correspond to formation fluid filled cylindrical tanks made of reservoir rock with an 
axial injection well in which CO2 is injected over the full reservoir thickness (height of the cylinder). The 
pressure evolution during CO2 injection is investigated by placing vertical flow barriers at a distance of 
5km and 10km from the injection point. Top and bottom boundaries are no-flow. Starting with a radius of 
10cm, the cell size gradually increases with respect to the distance from the wellbore. Effective porosity, 
permeability, and net-to-gross (NTG) along the wells are derived from log interpretation and assumed 
uniform in the radial direction. The vertical to horizontal permeability ratio is set to 0.1. Flat radial 
models neglect the effects of dip in plume development. 
Radial simulations are performed for 3 models each corresponding to the geological setting sampled 
by the Trelinga-1, Overston-1, and Moonie-39 wells. In the Overston-1 model, injection was modeled 
(separately) in both the Precipice and Showground sandstone.. Injection in each case was simulated 
assuming one input stream of 2 and one of 3 Mt/a. For each well-based model, limited and constrained as 
above injection was then simulated for different boundary condition scenarios. In each modeled scenario, 
the maximum allowable, BHP was limited to 90% of fracture gradient. The injection rate thus reduced in 
response to any pressure build-up.. Table 1shows parameters for all radial models. Generally, they have 
6048 and 7194 active cells for 5 and 10km models, respectively.  
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Table 1. Summary of physical parameters, initial and boundary conditions for the radial models 
Property / Specification Trelinga Moonie Overston 
Injection Formation Precipice Precipice Precipice / Showgrounds 
Top of Formation [m, MD] 1000 1760 1811 / 2321 
Injection Section [m] 91 47 94 / 33 
Approx. Net-Thickness [m] 75 24 38 / 13 
Constraint (maximum) [bar] 202 357 366 / 477 
 
The Trelinga model consists of a 90m thick sandy section in the Precipice Sandstone, with porosity of 
15-21%, permeability of 14-2,400mD, and NTG (net-to-gross) of 0.77-1.00, and top at 1,000m depth. 
CO2 injection is simulated at rates of 2Mt/a and 3Mt/a. With reference to Fig. 2, maximum allowed BHP 
is reached after about 7.2 years (26 years) of CO2 injection at a constant rate of 2Mt/a for a flow barrier at 
5km (10km). In a development scenario, with boundary at 5km, additional wells would be needed at this 
time in new areas to maintain aggregate injection rate. Undetected important barriers at a distance of a 
few kilometers may be detected from early injection monitoring. Extended well testing (e.g. production) 
as part of the exploration program is essential to explore lateral reservoir continuity and may reveal (sub-
seismic) flow barriers. Such tests could significantly reduce well count, cost uncertainty as well as 
increase confidence in the ability to sustain required injection rates. Due to high permeability, CO2 moves 
upward easily (Fig. 3a) for the 2Mt/a case. CO2 is at residual saturation (green) in the lower part of the 
model. The free-phase CO2 plume shown in orange/ ~1.6 km from 
the well (Fig 3a). As soon as injection starts, the pressure in the well and reservoir increase, and the 
impact of the barrier is immediate (Fig. 2b).  
  
Fig. 2. (a) Radial Trelinga model, rate controlled for barrier at 5km (red or green) and 10km (orange or blue), injection rate.; (b) 
pressure in a cell at the model boundary as well as in the bottom hole (dashed curve). (Modified after [1]). 
The Overston model describes 94m of Precipice Sandstone with porosity of 9-16%, permeability of 2-
23mD, and NTG of 0.17-0.72, and top at 1,811m depth. The reservoir is poor compared to Trelinga, and 
accepts only 0.2Mt/a CO2 without exceeding the BHP constraint. The rate diminishes continuously. 
Cumulative injected mass after 30 years is 4.2 Mt/5.2 Mt (5km/10km, respectively). The distribution of 
CO2 in the model after 30 years of injection has more cylindrical shape (1.2km radius), reflecting lower 
permeability that hinders upwards and outwards migration (Fig 3b). Injection at 3Mt/a is not possible. 
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Fig. 3. Vertical section shows CO2 saturation 30 years after the end of injection into Precipice Sandstone (a) at 2Mt/a for Trelinga. 
Green is at residual saturation and orange to red represents free-phase CO2; (b) for Overston. (Modified after [1]). 
The Moonie scenario has slightly better reservoir than the Overston, but worse than Trelinga. Porosity 
is 4-18%, permeability is 2-426mD, and NTG is 0.27-0.74. The 47m sandstone section has top at 1763m. 
Maximum injectivity attained is 0.9Mt/a decreasing continuously. Cumulative injected mass after 30 
years of CO2 injection is almost 4Mt/11Mt for 5km/10km models, respectively. The CO2 distribution 
after 30 years (Fig. 4a) suggests CO2 may migrate laterally up to 1.6km away (no dip). The boundary 
affects the injection rate (Fig. 4b) and pressure in the reservoir since the onset of injection. 
 
 
 
Fig. 4. (a) Vertical section shows CO2 saturation after 30 years of injection into Precipice Sandstone for Moonie scenario. Green is 
at residual saturation and yellow to red color represents free-phase CO2; (b) injection rate for the Moonie scenario (Modified after 
[1]). 
3. Sector Models 
3.1. General Scenario Description 
Three sectors were defined in the regional model representing three possible different depositional and 
diagenetic settings. The three sector models contain 186,514, 176,069, and 367,551 cells for Sector-1, 
Sector-2, and Sector-3, respectively. The Sector-2 simulation model has corner point geometry with 66 x 
104 x 26 grid cells. X and Y direction grid size is 500m. Average vertical grid size is 8m. The grid is 
refined to 50x50m close to the injection well. The dip of the target reservoirs is less than 2°. The injection 
section is the Precipice Sandstone in all areas. In Sector-1, an additional scenario for injection into the 
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Showgrounds Sandstone is created. The role of faults as flow paths are not addressed here (see radial 
models). In addition to the properties of the static model (porosity, permeability and net-to-gross), fluid 
properties and multiphase flow characteristics (relative permeability curves, endpoints) are input. Vertical 
to horizontal permeability ratio (Kv/Kh) was set to 0.1. Top and bottom model boundaries are no flow. 
The lateral boundaries are hydrostatic. Pure CO2 is injected through a single vertical well over the full 
formation thickness. BHP is constrained to 90% of the fracture gradient of 0.225bar/m (Table 2). 
Temperature varies with depth according to the imposed geothermal gradient, so the thermal effect is 
accounted for when a portion of fluid is displaced vertically. 
Table 2. The main physical parameters, initial and boundary conditions of the sector models 
Property / Specification Sector-1 (QLR2010-1-8) 
Sector-2 
(QLR2010-1-9) 
Sector-3 
(QLR2010-1-11/12/13) 
Injection Formation Precipice/ Showgrounds Precipice Precipice 
Top of Formation [m, MD] 1487 / 2291 1639 1417 
Injection Section [Thickness m] 68 /180 127 92 
Formation Thickness [m] 68 / 360 127 92 
BHP constraint [bar] 302 /464 332 288 
 
Only scenarios with constant CO2 injection rate of 2Mt/a are presented. The times of interest are: the 
instant at which injection ceases (30 years), when maximum pressure conditions are attained and the full 
amount of CO2 is injected and a time after 200 years of shut-in. Here the modeling for Sector-2 is 
described in detail and the results for Sector-1 and Sector-3 summarized. 
3.2. Simulation Results for Sector-2 
Prescribed injection rates (2Mt/a and 3Mt/a) are sustained; therefore the dynamic storage capacity 
associated with the Precipice is 60-90Mt. This does not necessarily imply that with a single well project 
goals may be met, but rather that the Precipice Sandstone seems to have good reservoir quality in this 
region. The injection well is completed over 127m with top of the interval at 1639m depth (top of the 
Precipice Sandstone). The model includes the overlying (sandy) lower Evergreen Formation and Boxvale 
Sandstone Member, up to the base of the seal, the upper Evergreen Formation. Injected CO2 is allowed to 
flow through the layers overlying the Precipice Sandstone up to the seal. 
The distribution pattern and plume extent is similar for both cases of 2 Mt/a and 3Mt/a, in this coarse 
model. The plume extends to a radius of about 3km (Fig 5a). This is considerably smaller than the 
distance to outcrop locations. Furthermore, by selecting more basin-centered sites, this separation margin 
from production leases, outcrop, or sub-crop locations could be extended to >100km (Fig 1a). Maximum 
overpressure (30bar) is found around the injection section up to the seal (Fig 5b). Even though CO2 
reaches the seal within a decade of continuous injection, at the end of injection little CO2 has accumulated 
underneath the seal (Fig 5a). Most of it surrounds the injection section and is impeded to move upwards 
by baffles. Pressure affects a much larger region than the presence of CO2 extending to around 12.5 km 
(Fig 5b). Fixing the boundaries of the model at hydrostatic pressure influences the pressure in the model 
and is an important difference between the radial and sector models. Presently it is not possible to judge 
the appropriateness of the boundary conditions. The closest legacy well is affected by overpressure of 
10bar, but is not touched by the subsurface CO2 plume itself. 
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Fig. 5. Base Case of injection at 2 Mt/a. White cells are inactive (NtG=0) and represent baffles. Grey areas represent areas of local 
grid refinement up to 1250m from the well (colours obscured). WE vertical section through the injection well at the end of 30 yrs 
injection: (a) CO2 saturation  and (b) overpressure (Modified after [1]). 
After shut in, CO2 continues to migrate only by buoyancy along the dip, towards the north-east. At the 
end of injection the plume was roughly 9.5km in diameter, expanding to 12km thereafter (Fig. 6a). The 
green color indicates CO2 trapped at residual saturation and red is the accumulated free-phase CO2 plume 
to the west, the updip direction in this region. Most CO2 in the lower part (injection section) is at residual 
saturation (Fig 6b), the remaining has migrated up vertically, accumulating underneath baffles and a fairly 
limited amount underneath the seal. About 60% of the injected CO2 (36Mt) is removed from the free-
phase which is buoyant and mobile, but not necessarily moving. The velocity of lateral movement of CO2 
is of the order of 10m/a during the initial post-injection period. No legacy wells are contacted by CO2. In 
Sector-1 and Sector-2 after injection stops, initial pressure conditions are restored within 20 years of the 
end of injection nd good connectivity of 
the model. In Sector-3, overpressures are much higher than in the other areas and the decay of 
overpressure is very much slower because the injection area is deeper and has generally lower 
permeabilities and greater heterogeneity. 
  
Fig. 6. (a) Base Case of injection at 2 Mt/a map view taken at the top of the injection section; (b) vertical section through the plane 
containing the injection well display CO2 saturation at 200 yrs after injection has ceased in Precipice Sandstone in QLR2010-1-9. A 
total amount of 60 Mt was injected in 30 yrs. Grid size is 500 m x 500 m (except where refined around the well). White cells are 
inactive (NtG=0) and represent baffles. Black dots are legacy wells. (Modified after [1]). 
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4. Summary of Results and Conclusions 
In the radial models with closed boundaries at 5km and 10km, a limited amount of CO2 can be stored 
and plume extent is less than 2km (Table 3). In all (bounded) radial models, initial injection rates of 2 
Mt/a could not be sustained. Pressure increases in the reservoir and at the boundaries practically from the 
onset of injection. In the field this may be less sudden as such a high degree of lateral isotropy is not 
expected. The rate of increase of pressure at the boundary and at the injection well is greater for scenarios 
where boundaries are closer. Reservoir flow compartmentalization (and heterogeneity) may significantly 
affect pressure around the well and reservoir even at low injection rates. Even in the case of partial 
compartmentalization, a field development strategy may need to be quite complex in terms of timing of 
additional drilling of wells to take up continuously the CO2 supply. 
Qualitatively, results are quite similar for all sector model scenarios (Table 3), probably reflecting the 
common building algorithm of the static models and the lack of data indicating that regions are more 
differentiated (not because there is sufficient data to confirm significant aerial similarities). 
Table 3. Summary of dynamic simulation results for sector models (Modified after [1]). 
Sector/Scenario Injection Interval 
Sustained 
Injectivity 
[Mt/a] 
Total CO2 injected 
in 30 years 
[Mt] 
Max Lateral Plume 
Extent at 200 yrs 
[km] 
Max Overpressure at 30 
years at distances: 
Near Well/5km/10km 
Se
ct
or
 1
 
 
Showgrounds 1.2 41 6.5 140 / 65 /22 
Precipice 2 3 
60 
90 
13 
15 
35 / 17 / 7 
50 / 25 / 9 
Sector-2 Precipice 2 3 
60 
90 
12 
13.5 
30 / 13 / 4 
40 / 19 / 5 
Sector-3 Precipice 2 3 
60 
90 
10 
12.5 
75 / 44 / 36 
110 / 63 / 51 
In general, sector models injecting in the Precipice sustain injection rates of 2Mt/a (and 3Mt/a) over 30 
yrs. In the model with injection section in Showgrounds Sandstone, injection rate reduces to 1.2Mt/a. 
Therefore, the injected volume associated with these scenarios is 60Mt (90Mt), except for Showgrounds 
Sandstone in Sector-1 with 41Mt. In the Precipice system at least, there is some confidence that a low 
well-count injection strategy seems possible. This would include (i) targeting wells in such a way as to 
encounter the best reservoir parameters with minimal dip, (ii) maintaining reservoir pressures well below 
cap-rock fracture gradients, (iii) reducing the risk of encountering barriers or baffles; (iii) maintaining 
distance from and thus reducing the risks of injected CO2 encountering legacy wells and other potential 
routes to vertical migration. 
In these illustrative scenarios, little CO2 actually reaches the seal compared to the total injected 
amount. Baffles delay the arrival of larger amounts of CO2 (tortuous path) at the seal. In terms of pressure 
attenuation, the baffles cause a reduction in absolute pressure seen at the seal. At base seal, pressure 
maximum and saturation maximum are not synchronous. The distribution of heterogeneity in the models 
is produced by statistical algorithms and the actual subsurface pattern is not known. However, the sub-
surface is known to be non-homogenous. The dip at the base of the seal determines in part, the direction 
and rate of long-term migration of CO2. Only results up to 200 yrs were presented. Longer term models 
would be necessary to illustrate plume stability in some cases CO2 
slight dip in the models, suggests that some migration may still be ongoing after 200 yrs. 
 S. Hurter et al. /  Energy Procedia  37 ( 2013 )  3755 – 3763 3763
 
While such models give some confidence that large scale injection sites may be present and 
manageable, these results need to be interpreted with caution. They serve more to illustrate which data are 
most important to acquire during a follow up exploration data gathering exercise. Good seismic 
resolution, core analysis and studies to determine the depositional environments and diagenetic effects 
will contribute much to inform reservoir heterogeneity and architecture. However, many key features may 
be below seismic resolution and many baffles may go undetected. Specifically designed well tests are 
likely to be essential to exploring the existence of flow barriers and the real impact of heterogeneity on 
pressure transmission. Nevertheless, modeled scenarios suggest that the industrial scale CO2 storage 
aspirations of this project are supported by available sparse data. However, uncertainty rather than risk 
dominates and a carefully tailored technical exploration work program including extended well 
(production) tests and possibly interference tests would be required to further support or contradict this 
view. 
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